Abstract The Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) successfully observed vertical distributions of ozone (O 3 ) concentration in the middle atmosphere during the annular solar eclipse that occurred on 15 January 2010. In the mesosphere, where the photochemical lifetime of O 3 is relatively short (approximately 100 s), altitude-dependent changes in O 3 concentration under reduced solar radiation and their temporal variations were clearly observed as a function of the eclipse obscuration. This study reports the vertical distributions of mesospheric O 3 during a solar eclipse event and analyzes theoretically the eclipse-induced changes. We show that simple analytical expressions for O 3 concentration, which assume that O 3 and O are in a photochemically steady state, can be used to describe the O 3 concentration under reduced solar radiation. The SMILES data obtained during the eclipse provide a unique opportunity to test our current understanding of mesospheric O 3 photochemistry.
Introduction
Atmospheric ozone (O 3 ) plays an important role in determining the thermal and dynamical structure of the middle atmosphere through radiative and chemical processes. To monitor the global distribution of O 3 and related trace gases, the Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) was developed and deployed on the Japanese Experiment Module of the International Space Station (ISS) [Kikuchi et al., 2010] . The unprecedented high-sensitivity measurements made using the 4 K cooled submillimeter limb sounder provided new insights into the physics and chemistry of the middle atmosphere such as the diurnal variation in stratospheric O 3 [Imai et al., 2013; Sakazaki et al., 2013; Parrish et al., 2014] . Although the observation period was limited to the period 12 October 2009 to 21 April 2010, SMILES successfully observed a sequence of O 3 profiles during the annular solar eclipse that occurred on 15 January 2010.
Photochemistry in the middle atmosphere related to the production and partitioning of O X (O and O 3 ) has been explained in terms of O-O 2 -O 3 chemistry, and the loss of O X is controlled by catalytic chain reactions in addition to the reaction between O and O 3 . In the mesosphere, chain reactions involving HO X (H, OH, and HO 2 ) radicals are believed to be a dominant driver of O X loss [e.g., Allen et al., 1984; Brasseur and Solomon, 2005] . Although the mesospheric O X photochemistry seems to be relatively simple, and the chemical lifetime of O X is much shorter (≤1 h) [Brasseur and Solomon, 2005] than characteristic transport lifetimes, discrepancies between observed and modeled O 3 concentrations have been reported [e.g., Sandor et al., 1997; Siskind et al., 2013; Smith et al., 2006] .
Eclipse-induced changes in spectral solar intensity outside the atmosphere are insensitive to wavelength [Koepke et al., 2001] . Furthermore, the optical depth in the visible and ultraviolet region over the mesosphere is mainly determined by molecular oxygen, and changes in the optical path length of the solar radiation should be small during a solar eclipse. This indicates that when a solar eclipse occurs with a small solar zenith angle (SZA) the temporal change in solar irradiance during the eclipse shows much simpler behavior, from the viewpoint of wavelength distribution, than it does during the sunrise/sunset period, when a relatively large SZA strongly affects the wavelength distribution. Moreover, the ratio of molecular photolysis rates during the eclipse to those before or after the eclipse is almost independent of the effective wavelength for photolysis. 
SMILES Observations During the Eclipse
SMILES nominally covered the latitudes from 38°S to 65°N on each orbit within a 93 min period. The antenna was scanned in elevation at a period of 53 s with three specified detection bands (Bands A, B, and C) within the submillimeter-wave region [Kikuchi et al., 2010] . During the eclipse event Band B data were available for the O 3 retrieval based on version 2.4 processing (Japanese Experiment Module/Superconducting Submillimeter-Wave Limb-Emission Sounder L2 Products Guide for v2.4, 2013, http://darts.isas.jaxa.jp/iss/smiles/docs/L2dataGuide_2-4.pdf). eclipse lasted for 11 min and 8 s. On the next path (C), the center of the antumbra was located around 13°N, 83°E, and SMILES also observed the area with an eclipse magnitude of less than 36% at around 30°N. The lack of SMILES measurements at around 10°S was caused by interference from the ISS solar paddle [Kikuchi et al., 2010] . For example, at 58 km the maximum O 3 concentration during the eclipse was 40% higher than the daytime average and was almost the same as the nighttime average. In contrast, at 67 km the maximum O 3 concentration during the eclipse was 50% higher than the daytime average, which corresponds to approximately 30% of the typical diurnal variations.
Observational Results

Discussion
As described in section 1, O 3 and the O atoms are produced by the following reactions:
where J 1 and J 3 denote the photolysis rates for reactions (R1) and (R3), respectively, and k 2 the rate coefficient for reaction (R2). During daytime in the mesosphere, O 3 is lost predominantly via reaction (R3), but the following reactions of O 3 with O and H atoms also make minor contributions:
The lifetime of O 3 is estimated to be around 100 s [Brasseur and Solomon, 2005] , short enough to apply the photochemical steady state approximation (SSA) for O 3 concentration:
The O atom is lost not only by reaction (R2) but also by reactions with OH and HO 2 radicals:
Here we assume the SSA holds for the O atom concentration:
where X denotes OH and HO 2 radicals, and k X the effective rate constant for reactions (R6) and (R7). From equations (1) and (2), the daytime O 3 concentration can be expressed as follows:
As described above, the major species for O X loss in the mesosphere are HO 2 and OH. The production of HO X radicals is dominated by photolysis of H 2 O in the middle and upper mesosphere [Brasseur and Solomon, 2005] :
In the lower mesosphere and the stratosphere, the reaction of H 2 O with O( 1 D) becomes dominant:
On the other hand, the loss of HO X is mainly controlled by the following reaction:
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Taking into account the photochemical processes described above, we can rewrite equation (3) as reported by Allen et al. [1984] :
where Φ is the quantum yield for O( 1 D) production in (R3) and k 11 is the rate coefficient for physical quenching reaction of O( 1 D) atoms produced from (R3).
During the eclipse event, the SMILES observations were made near the middle of the day and the observed eclipse only occurred for several hours along the flight path. Thus, the SZA ranged from 25°to 44°during the observations. Accordingly, we assume that the reduction in solar flux during the observed eclipse was determined by the eclipse obscuration, with no significant change in the wavelength distribution. The molecular photolysis rates at fixed SZA during the eclipse are thus calculated by the following: ; 3; and 8 (6) where η is the eclipse obscuration and J i (0) is the photolysis rate under normal (noneclipse) conditions.
For the eclipse studied here, the maximum obscuration during the SMILES observation was 71%, indicating that the photolysis lifetime for O 3 is estimated to be approximately 6 min. Thus, the SSA was also applied to the O 3 and O concentrations during the observed eclipse. By applying equation (6) to equations (4) and (5), the ratio of the O 3 concentration between the eclipse and normal daytime can be given as a function η:
Equation (7) should describe the η dependence of O 3 concentration at altitudes where reaction (R8) dominates as the HO X source, whereas equation (8) (0) is expected to show an inverse half-power dependence on the solar flux, whereas at lower altitudes, for example, at 58 km, the ratio will shift to an inverse one-third power dependence.
In Figure 4 the SMILES measurements in the lower and upper mesosphere are compared with the inverse one-third power and the inverse half-power dependence. As the sensitivity of the SMILES measurement decreases with increasing height and the resulting profiles sometimes oscillate in the upper mesosphere, the data from 67 and 70 km were averaged. At 67-70 km, the SMILES data closely follow the inverse half-power dependence, whereas at 58 km they are close to the inverse one-third power dependence; least squares fit analysis of the data points gives the slope as 0.51 at 67-70 km and 0.23 at 58 km. We also plotted the SMILES data at 61 and 64 km (not shown) and calculated slopes of 0.50 at 64 km and 0.39 at 61 km. The decreasing trend in the exponents of the power law at altitudes less than about 64 km results from a rapid increase in the HO X production rate through reaction (R9), and a moderate decrease through reaction (R8) [Allen et al., 1984] . Finally, we note that as described in section 1, there have been some papers reporting discrepancies between observed and modeled O 3 concentrations in the mesosphere [e.g., Sandor et al., 1997; Siskind et al., 2013; Smith et al., 2006] . Although optimization of the kinetic parameters for photochemical reactions involving O x and HO x has been suggested to solve the unsettled issue, no firm conclusion has been reached. To study the issue, further analysis could be conducted based on our method presented here, if more profile data for O 3 (and related species) during eclipse events were accumulated. On the other hand, the SMILES observations yielded a large amount of the data for normal diurnal variations in the mesospheric O 3 and related species. Detail analysis of those data is now underway in our group, which is expected to contribute to the issue.
Conclusion
In this paper, we have attempted to explain theoretically the SMILES-observed altitude-dependent changes in mesospheric O 3 concentration during the annular solar eclipse that occurred on 15 January 2010. We have shown that simple expressions describing the daytime O 3 concentration under photochemical steady state approximations can be used to analyze the eclipse-induced changes in O 3 concentration, providing a unique opportunity to verify our current knowledge of the key chemical processes involving odd oxygen and HO X radicals in the daytime mesosphere. Hitherto, testing our understanding of the mesospheric photochemistry mostly involved evaluating the consistency of diurnal variations in O 3 and HO X concentrations between the observations and model calculations. This study has highlighted that highly sensitive, altitude-resolved measurements of mesospheric O 3 under reduced solar radiation can provide valuable data to test our understanding of the chemical processes in the daytime mesosphere. (7) and (8)) describing the daytime O 3 concentration under the photochemical steady state approximation (see text).
